Plasmid pQBR11 (294 kb) is one of a group of genetically similar conjugative plasmids that are common to and persist in pseudomonad populations colonising leaves and roots of crops and wild plants. This plasmid was marked by insertion of a green fluorescent protein reporter cassette to facilitate epifluorescence microscopy tracking and enumeration of transconjugant formation in biofilms. The intrinsic transfer activity of the plasmid, the conditions which affect this activity and the patterns of infectious spread of the plasmid in simple biofilms were evaluated. Transfer was observed over a range of nutritional and other conditions but no transitory de-repression of plasmid transfer was observed from new transconjugants and re-transfer of the plasmid by transconjugant cells played only a secondary role in the establishment of the plasmid in biofilm populations. As the plasmid was poorly invasive the parasitic persistence of pQBR11 by transfer alone is highly unlikely. The key factors for establishment of this plasmid in these biofilm populations were the size and activity of the donor population and the effect of plasmid carriage on host fitness.
Introduction
All conjugal plasmids must resolve the balance between vertical spread, that is reproduction with the host, and horizontal spread through transfer to new hosts. The commitment of hosts to conjugative plasmid transfer inevitably imposes a burden which militates against the co-survival (vertical spread) of plasmid and host [1] . This tension results in a trade-o¡ where plasmids closely regulate their own transfer [2] . Regulation of transfer is fundamental to maximising plasmid ¢tness, therefore describing the interaction of plasmids and host populations is essential for the characterisation of plasmid behaviour. Mass action models have been used to describe conjugative plasmid transfer and have established the theoretical conditions necessary for the infectious spread of plasmids [1, 3, 4] . These studies have generally found that plasmids can persist by transfer alone, but only if the rate of plasmid transfer combined with the availability of recipients compensates for the costs of carriage and for plasmid loss by segregation. Mass action models require the even physical mixing of cells, and to achieve this most studies have been undertaken in agitated broth cultures. However, the natural habitat for many bacteria is on a surface or within a bio¢lm where spatially quali¢ed count data are required to describe relative distribution. The application of green £uorescent protein (gfp) reporter genes facilitates the in situ tracking of plasmid transfer to recipient cells and the analysis of plasmid transfer kinetics in bio¢lms. This approach has been used to study transfer in bio¢lms, transfer in model bio¢lm communities, transfer on leaves and transfer on surfaces for plasmids RP4, pWWO and pBF1 [5^10] .
The plasmid investigated in the study reported here (pQBR11, 294 kb) is one of a group of large (up to 350 kb) genetically similar, conjugative plasmids (group I) which have been regularly isolated from pseudomonad populations colonising leaves and roots of crops and wild plants at a mixed farmland and woodland site at Wytham, Oxfordshire [11, 12] . Given the large size of these plasmids it is to be expected that they can confer a number of phenotypic traits on their hosts. It is also expected that some of the traits will be adaptive in the phytosphere.
These plasmids confer mercuric resistance (Mer þ ), although soil analysis found low mercury levels and no local selection for mer gene carriage [12] . The frequent in situ transfer of these plasmids between indigenous phytosphere bacteria has been con¢rmed in ¢eld experiments where they exhibit periodic positive or negative ¢tness e¡ects on colonising bacteria [13, 14] . As the natural habitat of these plasmid^host populations is at plant surfaces it is appropriate to assess their transfer behaviour on constructed bio¢lms.
The aim of this study was (i) to characterise the dynamics of plasmid pQBR11 transfer in arti¢cial bio¢lms, (ii) to assay the e¡ects of biological and physical variables on plasmid transfer and its regulation, and (iii) to apply the data to predict a potential 'life strategy' for this plasmid.
Materials and methods

Bacteria and plasmids
The bacterial strains and plasmids used are listed in Table 1 . The bacterium Pseudomonas £uorescens SBW25 was chosen here as a recipient strain because it is known from ¢eld studies to be a natural recipient of group I plasmids.
Growth and enumeration of strains
Pseudomonad and Escherichia coli strains were grown overnight on an orbital shaker (180 rpm) respectively in nutrient broth (NB) (CM1: Oxoid, UK) at 28 ‡C or Luria broth (LB) at 37 ‡C. Pseudomonad strains were enumerated on Pseudomonas selective agar (PSA) (CM559: Oxoid, UK) and E. coli strains on LB agar. Agars were supplemented where appropriate with 15 Wg ml 31 tetracycline, 40 Wg ml 31 kanamycin, 300 Wg ml 31 nalidixic acid, 50 Wg ml 31 rifampicin, 10 Wg ml 31 chloramphenicol, and 0.05 mM HgCl 2 . To limit pseudomonad auto£uorescence during epi£uorescence microscopy of GFP expression, 0.45 mM FeSO 4 W7H 2 O was added to all bio¢lm and selective media [22] . Cells were dispersed from bio¢lm ¢lter membranes by vortex agitation and decimally diluted in phosphate-bu¡ered saline (Dulbecco A, BR14a, Oxoid). They were then enumerated on PSA supplemented with rifampicin and HgCl 2 (donors); nalidixic acid or tetracycline (recipients) ; and HgCl 2 with either nalidixic acid or tetracycline (transconjugants). Three media were made for the culture of bio¢lms, (i) the standard medium was tryptone soy broth agar (TSBA) made with tryptone soy broth (TSB) (Oxoid CM129 standard strength), (ii) low nutrient medium with 1/100th strength TSB and (iii) cold soil extract agar (CSEA) made with 1/200th strength TSB and 400 ml cold soil extract per litre (added to medium at 50 ‡C). All media were made with 1.5% Oxoid Agar No. 1 L11. Cold soil extract was included to assess the impact of aqueous components, including plant exudates from the rhizosphere of mature plants on conjugation [23] . Cold soil extract was prepared from ¢eld soil (1 kg) still adhering to sugar beet roots after a 'light shake'. This soil was removed, mixed and stirred with sterile distilled water (1 l) at 4 ‡C for 3 min, and allowed to settle. After centrifuging (MSE-Chillspin, 20 min, 4500 rpm, 4 ‡C) the supernatant (cold soil extract) was ¢ltered (0.2-Wm pore) and stored at 4 ‡C.
Marking plasmids
Insertion of a gfp cassette into plasmid pQBR11 was achieved using a suicide vector mini-Tn5 delivery system provided by SÖren Molin, Technical University Denmark, Lyngby. A triparental mating with E. coli HB101 (Smr recA thi pro leu hsdRM þ ), carrying the helper plasmid RK600 (Cm r ColE1 oriV, RP4 oriT), was used to mobilise the delivery plasmid pJBA28 (with PA1/O4/O3 : :gfpmut3b cloned into mini-Tn5 Km) from E. coli CC118Vpir to Pseudomonas putida UWC1 (Rif r ) bearing plasmid pQBR11. Marked plasmids were selected by co-transfer of Km r , Hg r and Gfp þ to P. putida Mes300 (Nal r ). Fifty marked plasmids were assayed for normal and altered PA1/O4/O3 with gfpmut3b fragment, delivery plasmid in triparental matings [21] transfer variants. Transfer frequencies were assayed in liquid (5 ml NB, no shaking) and in bio¢lms on ¢lter membranes as described below. All assays were initiated with V5U10 6 cells with a donor:recipient ratio of 1:10 and incubated at 20 ‡C for 24 h. The resultant ratios of transconjugants to donors (TC/D) and to recipients (TC/R) were estimated by plate count methods and compared with controls. Twelve marked plasmids were transferred into P. putida SM1443 (KT2440 lacI q ) [6] where gfp expression was repressed by the lacI q repressor. Transfer of marked plasmids to recipients was detected by epi£uores-cence microscopy. Plasmid pQBR11-V1 was chosen as it was not noticeably di¡erent to the unmarked strain in conjugative transfer activity or e¡ect on host growth rate and gave green £uorescence typical of other marked plasmids.
Bio¢lm matings
Filter membrane bio¢lms provided an in vitro mimic of phytosphere bio¢lms. This system was chosen to re£ect some of the conditions experienced by bacterial bio¢lms, aggregates and clumps of cells in the rhizosphere and phyllosphere, especially ; (i) the predominant nutrient £ow from below with the di¡usion of plant exudates from the basal substrate and (ii) relatively stable spatial organisations. While these bio¢lms are arti¢cial, lacking the complexity of attachment, structure and composition of natural systems, they permit important bio¢lm variables to be controlled and homogenised. The gfp-tagged plasmid, pQBR11-V1, was transferred in these bio¢lms from P. putida SM1443 donors to two recipient strains, P. putida Mes300 and P. £uorescens SBW25ETC. Overnight cultures of donors, supplemented with 0.01 mM HgCl 2 , were centrifuged and re-suspended twice in NB. These and overnight cultures of recipients were diluted 50-fold in NB and volumes of 10 ml placed in 250-ml £asks and held at room temperature (V21 ‡C) for 2 h without agitation to standardise growth phase. Aliquots of well mixed donor and recipient bacteria were evenly deposited onto 16 pre-washed (70% ethanol and MilliQ water, both ¢l-tered at 0.2 Wm) black 25-mm Millipore Isopore 0.2-Wm membrane ¢lters using a Whatman vacuum ¢lter apparatus with sintered glass support. Membranes were then placed on either standard (TSBA) medium, low nutrient medium or CSEA. Mating mixes applied at 10 7 recipients and 10 6 donors per ¢lter and produced a near-con£uent layer of 'touching' cells. Pairs of membranes were sampled regularly (six time points) up to 12 h and ¢nally at 24 h. Counts of donors, recipients and transconjugants were estimated by plate count methods. Replicates were achieved from fully independent time course experiments.
In situ enumeration of transconjugants in bio¢lms
Membranes were also observed non-destructively by epi£uorescence microscopy (Nikon Eclipse E600 ¢tted with a 100-W mercury lamp, 465^495-nm excitation ¢lter, 505-nm dichroic mirror, 515^555-nm emission ¢lter and Nikon Plan Fluor lenses U100/1.3 (oil), U40/0.75, U20/ 0.5, U10/0.3). The whole or part of a squared eyepiece graticule was used to generate quadrats which were randomly placed in two or more perpendicular transects across the bio¢lm, and green £uorescent cells ( s 200 in 10^20 quadrats, where practical) counted and their distribution as individuals, or in groups ( s 1) recorded. All replicates were counted within 2 h. Isolated individual transconjugants were assumed to arise directly from single conjugation events and compared to counts of transconjugants organised in clusters.
Calculation of plasmid transfer rates and analysis of results
The plasmid transfer coe⁄cient k t1 was calculated using the end point method of Simonsen et al. [24] . Two data points, typically 2 h and 12 h from bio¢lm initiation, were used in the calculation. Also k t1 was calculated for additional pairs of growth phase time points to test the stability of this measure. The parameter k t1 , and its estimation by the end point method, was chosen as it provides a robust measure of transfer rates which is not sensitive to important growth parameters such as the ratio of recipients to donors or growth conditions and is suitable for detecting the e¡ects of these and other factors on the intrinsic transfer rates. The use of k t1 and its measurement by end point methods has been applied in other bio¢lm studies [7,24^26] where it has been shown to require con£uent bio¢lms.
One-way analysis of variance (ANOVA) of log 10 transformed k t1 values and log 10 transformed transconjugants/ donors, tests for homogeneity of variances (Bartlet's box F test, Cochran's C test, Hartley's F max test), and tests for normality of residuals (normal probability plots) were calculated using Minitab release 12.1 (Minitab, Pennsylvania, USA) and Unistat version 4.56 (Unistat Ltd, London, UK).
Results and discussion
Transfer of pQBR11-V1 in bio¢lms
To facilitate in situ counting of transconjugants, plasmid pQBR11 was marked by insertion of a gfp cassette to generate pQBR11-V1. GFP expression was not observed from the donor (P. putida SM1443) carrying the lacI q repressor gene and green £uorescence was only detected in transconjugant cells. Five replicate time course studies each were made of pQBR11-V1 transfer from SM1443 to SBW25ETC and from SM1443 to Mes300. Bio¢lms were inoculated at approximately 4.8U10 4 cells mm 32 .
Bio¢lms were periodically collected in pairs and donors, recipients and transconjugants enumerated by plate counts. Time course data ( Fig. 1 ) for plasmid transfer from SM1443 pQBR11-V1 produced an average plasmid transfer coe⁄cient (k t1 ) to Mes300 of 9.7U10 312 ml cell 31 h 31 which was signi¢cantly (F 1;8 = 81.13, P 6 0.0001) greater than that calculated for transfer to SBW25ETC (3.7U10 314 ml cell 31 h 31 ) ( Table 2 ). Microscope observations detected green £uorescence from both SBW25ETC and Mes300 transconjugant cells within 2.5 h of bio¢lm establishment. Counts of transconjugants by plating occurred 3^6 h in advance of those by microscope enumeration. This lag was recorded to align plate count and £uorescent cell count data. Throughout the growth phase, most transconjugants were observed as singletons (individual cells) rather than as clusters of cells. The growth of the transconjugant population and subsequent re-transfer of the plasmid by this population (transconjugants becoming donors) made only a secondary contribution to the increasing numbers of transconjugants. Direct transfer from the donor population was the dominant mechanism for transconjugant formation.
In SBW25ETC recipient bio¢lms, at 6 h 67% (range: 58^83%) of transconjugants were singletons. The remaining transconjugant cells formed clusters with a mean of 7.8 cells (S.E.M. = 3.7). In Mes300 recipient bio¢lms, 80% (69^88%) of transconjugants were singletons and the mean number of cells per cluster was 11.0 (S.E.M. = 4.4). These patterns of plasmid transfer are illustrated in Fig. 2 . Therefore the k t1 values calculated pertain speci¢cally to transfer from the donor (SM1443 pQBR11-V1) to individual recipients. In the growth phase of the bio¢lm, transfer of the plasmid from SM1443 donor cells to SBW25ETC and Mes300 respectively was estimated to generate transconjugants at rates of one transconjugant per 1.1U10 4 donors per hour and one transconjugant per 1.2U10 2 donors per hour. The rates of plasmid transfer were similar for both the direct green £uorescent cell count data and Fig. 1 . Two examples of time course experiments following the transfer of plasmid pQBR11-V1 in bio¢lms. In time course 1 (solid lines) transfer was from the donor P. putida SM1443 pQBR11-V1 to the recipient P. putida Mes300 and in time course 2 (dashed lines) transfer was from the donor P. putida SM1443 pQBR11-V1 to the recipient P. £uorescens SBW25ETC. Fig. 2 . Epi£uorescent microscope images (U20) of the distribution of transconjugants in a continuous bio¢lm on ¢lter membranes on TSBA. The donor SM1443 carried gfp-tagged pQBR11-V1 and the recipient was Mes300. The 4 h and 11 h images are to the same scale. It can be observed that a high proportion of transconjugants (apparent as GFP-expressing cells) are singletons and therefore arise by transfer from the donor cells as opposed to retransfer from transconjugants or their growth. Transconjugant foci do not become centres for cascades of de-repressed conjugal spread despite the evident conditions for continued donor conjugal activity.
plate count end point estimates (F 1;8 = 0.1142, P s 0.1 and F 1;8 = 0.5905, P s 0.1).
Strong similarities in estimations of plasmid transfer rate (per donor per hour) from the two data sets support the application of k t1 values to these bio¢lm studies. Further, we observed similar plasmid transfer kinetics and stationary phase results when the same donors and recipients were used to initiate 5 ml broths (data not shown). Related studies [7,24^26] have also found transfer coe⁄-cients to be applicable to the measurement of transfer in bio¢lms. The ¢t of these results to a mass action model [3] may be considered surprising, as it assumes random distribution and thorough mixing of donor, recipient and transconjugant cells. However, in the present study bio¢lms were only initiated with a thorough mixing of donor and recipient cells which were then deposited as a con£u-ent layer. Using an excess of recipients, the vast majority of transconjugants were generated at new independent loci. In these conditions, the mass action model has provided a valid approximation of the kinetics of plasmid transfer.
Assays of factors a¡ecting pQBR11-V1 transfer
These bio¢lms with plasmid transfer to SBW25ETC and Mes300 were standardised to assay the in£uence of speci¢c biological and physical factors on plasmid transfer (plasmid transfer coe⁄cient k t1 ) and on the regulation of transfer assessed from observing GFP expression.
Nutrients
Culturing bio¢lms on low nutrient medium (1/100th strength TSBA) resulted in ¢ve-fold and nine-fold decreases (F 1;7 = 19.53, P 6 0.01 and F 1;7 = 6.24, P 6 0.04) in transfer activity (k t1 ) to SBW25ETC and Mes300 when compared with the standard TSBA medium (Table 2) . Conjugation was also studied on CSEA plates to assess the impact of plant exudates and other aqueous components of the rhizosphere on pQBR11-V1 conjugation. This medium contained 1/200th strength TSBA and the results were compared with the low nutrient medium which yielded similar growth. The 1/200th strength TSBA supplement was necessary to ensure similar growth to that observed in the low nutrient condition, thereby facilitating comparison and detection of the e¡ects of rhizosphere components (CSEA) upon the induction of transfer. Transfer activity on CSEA (Table 2) was not signi¢cantly di¡erent to that observed with the low nutrient medium (F 1;5 = 0.043, P s 0.8 and F 1;5 = 0.053, P s 0.8). None of these changes altered the patterns of plasmid transfer activity, i.e. transfer from donor to recipient dominated and re-transfer from the transconjugant population remained secondary. On CSEA without the TSBA supplement no transconjugants were detected and growth of donors and recipients was very slow. The growth rates on the low strength medium (0.4^0.5 h 31 ) were lower than those ob- served in the standard mating (0.8^1.0 h 31 ). By limiting nutrient availability growth and plasmid transfer declined, an observation that has also been made with the Tol plasmid [27] and many other studies which have observed transfer to be greatest in optimal conditions for growth [28^30] . However, our approach estimated the growth rates for the entire bio¢lm and did not compare variations in growth rate with plasmid transfer rates. Other studies have observed either a lack of correlation between plasmid transfer and metabolic activity, or no reduction in plasmid transfer rates at lower nutrient concentrations above starvation thresholds [7, 10, 12, 31] .
Mercury selection
Addition of HgCl 2 (20 Wg ml 31 ) to the bio¢lm medium resulted in signi¢cant increases in the proportion (transconjugants per donor) of Mes300 transconjugants (F 1;8 = 9.82, P = 0.014) and of SBW25ETC transconjugants (F 1;8 = 13.7, P 6 0.01) ( Table 2 ). An apparent three-fold increase in transfer activity (k t1 ) to both Mes300 and SBW25ETC was recorded. However, care is needed in interpreting this result because it is known that higher growth of transconjugants during plasmid carriage may cause k t1 values to be overestimated [24] . The microscope assay of transconjugant formation indeed revealed such an overestimation and the major part of the increase in transconjugants was in reality associated with their growth. The growth rate of the donor population appears not to have been signi¢cantly a¡ected while the growth rate of the recipient populations was reduced from 0.94 h 31 (MES300) and 0.78 h 31 (SBW25ETC) to V0.65 h 31 . Most notably, the rate at which donors generated transconjugants was not a¡ected by the inclusion of HgCl 2 .
By including HgCl 2 we considered transfer of pQBR11-V1 under conditions that selected for vertical spread (proliferation of plasmid þ hosts). The observed increase in transconjugants with mercuric selection was expected but it had not previously been possible to assess whether this resulted from transfer alone, from outgrowth of the transconjugants or from both. The inclusion of HgCl 2 treatment had no e¡ect on plasmid transfer activity, as detected by the appearance of green £uorescence in transconjugant cells. Dahlberg et al. [8] used a similar gfp reporter to observe the e¡ects on transfer of a mer plasmid (pBF1) with HgCl 2 selection. They too observed no increase in transfer activity.
Cell density and plasmid re-transfer
The standard mating was varied by reducing the initial cell density so that the initial bio¢lm was no longer con£uent. A 10-fold reduction from 44U10 3 cells mm 32 to 4.4U10 3 cells mm 32 resulted in signi¢cant 16-fold and 260-fold reductions in transconjugants per donor for transfer to the two recipients, Mes300 (F 1;10 = 22.8, P 6 0.001) and SBW25ETC (F 1;10 = 122.2, P 6 0.00001) respectively ( Table 2 ). The calculations of k t1 values at reduced cell density were rejected because (i) the mass action conditions necessary for their safe use were breached and (ii) there were substantial discrepancies with gfp expression-based estimates of transfer activity. The development of bio¢lms initiated with sub-con£uent cell densities requires donors and recipients to meet and interact as merging patches or colonies prior to transfer. Plasmid invasion of new colonies appearing as a spreading front of de-repressed transfer activity has been described as a potential adaptation of plasmids to low cell densities [25] . However, plasmid pQBR11-V1 did not show this commonly observed [25, 32, 33] elevated transfer activity (transitory derepression) from new transconjugants during the early post-transfer period. Notably, we observed considerably greater relative reductions (16-fold and 260-fold) than those reported by Simonsen [25] where similar 10-fold reductions in initial cell density generated less than ¢ve-fold reductions in transconjugants for a plasmid (R1) with transitory de-repression. Similar to other studies [5] using gfp expression to follow transfer of the Tol plasmid in bio¢lms, we observed that patches of pQBR11-V1 transconjugants arising from the meeting of donors and recipients were relatively inactive, and did not spread in the proposed de-repressed manner.
Recipient strains
One of the most signi¢cant in£uences on transfer of pQBR11-V1 from P. putida SM1443 was the choice of recipient. It was not possible to discern whether the reduced transfer of QBR11-V1 to SBW25ETC was the result of reduced donor activity in the presence of this recipient, or whether (the more likely alternative) transfer was less e⁄cient, perhaps in making cell to cell contact or in establishing the plasmid in this recipient. Reduced transfer should, however, not simply be attributed to the recipient. Published [11] and unpublished (A.K. Lilley) data have shown that comparing the transfer of group I plasmids between a variety of pseudomonads does not identify consistently good or consistently poor donor or recipient strains. Another study [34] of plasmid R1 transfer between all combinations of 10 E. coli strains from natural environments found that donor and recipient e¡ects accounted for 29% and 25% of variance in the transfer rate, but strains were not consistently good or poor donors or recipients and 41% of the variance in the transfer rate was attributed to donor^recipient interactions.
Recipient to donor ratio
Holding the initial recipient density constant (above), and (i) increasing the recipient to donor ratio (R:D) from 10:1 (standard) to 100:1 or (ii) reducing it to unity (1:1) resulted in no signi¢cant changes in transfer activity to either Mes300 (F 2;11 = 3.29, P s 0.07) or SBW25ETC (F 2;11 = 6.24, P s 0.7) ( Table 2 ). This result was expected. At 1:1 ratios the supply of recipients is still not limited to donors seeking to establish conjugal links.
Temperature
It is known that the transfer of pQBR11 is maximal and varies little in the range of 15^21 ‡C [11, 12] . Increasing the temperature to 28 ‡C reduced transfer activity by ¢ve-to seven-fold (Table 2) . Decreasing temperature to 10 ‡C substantially reduced both the growth of the bio¢lm and transfer activity 10-fold and 17-fold respectively to SBW25ETC and Mes300 (Table 2 ).
Existence conditions for pQBR11
Although the conditions in natural bio¢lms are di¡erent from those observed here, we can use the transfer coe⁄-cients to make estimations of the conditions required for the maintenance of plasmids by infectious transfer alone. This estimation was made using the method previously described [3, 4] . This applies the test:
where N is the natural density of plasmid-free cells in the absence of the plasmid, K is the cost to the host of plasmid carriage, g is the dilution rate (ln(2)/generation time) and d is the plasmid segregation rate. That is, is the plasmid transferring fast enough to compensate for the costs of carriage and plasmid losses by segregation ?
The segregation rate was negligible [14] and has been ignored here. We have taken the higher transfer coe⁄cient (to Mes300) of 9.7U10 312 , set the cost of plasmid carriage low at 1% (K = 0.01) and calculated the cell densities required for plasmid persistence at bacterial generation times varying from 1 h to 20 h. With the most favourable bias from our data and generation times of 20 h, plasmid persistence by transfer would require a bio¢lm with 2U10 7 cell cm 32 available recipients. These conditions are rare in the phyllosphere and this test indicates that the persistence of this plasmid by transfer alone at these rates of donor activity is highly unlikely. In practice our results have shown that k t1 values are further reduced in the lower nutrient conditions which are expected in the natural habitat. Similar studies of transfer rates, including the Tol plasmid [27] and the enteric plasmid R1 [34] , have also led a number of researchers to conclude that plasmid persistence in nature via a solely parasitic lifestyle is unlikely [4] .
Our in situ ¢eld results have shown the capacity of this and other group I plasmids to invade new populations especially on mature plants and in the late season [35] . From our long-term ¢eld data it has not been possible to assess the transfer rates involved and their relative signi¢cance compared with the growth of transconjugants. This in vitro study has focused on the transfer component and has found that all adjustments of the experimental conditions toward the conditions prevailing in the natural environment lead to reductions in plasmid transfer rates. These transfer rates are insu⁄cient to account for the spread of these plasmids in the natural environment and indicate a signi¢cant role for their capacity to enhance growth or survival of their transconjugant hosts.
Concluding remarks
The intrinsic transfer activity of pQBR11, conditions which a¡ect this activity and the patterns of infectious spread of plasmid pQBR11-V1 in simple bio¢lms have been evaluated. Our results identify the in£uence of key factors on plasmid transfer activity, on the numbers of transconjugants formed and on the invasion of new bio¢lm populations by this plasmid. Transfer has been observed over a wide range of temperatures, nutritional and other conditions but no transitory de-repression was observed in new transconjugants. However, resolution of the balance between horizontal and vertical spread is important ecologically, and transfer rates were observed to be positively correlated with nutrient availability. The transfer coe⁄cients observed make it unlikely that conditions arise in the natural habitat for the persistence of pQBR11 by transfer alone. While it cannot be ruled out that transfer rates may be elevated under speci¢c unknown conditions it is probable that the general behaviour of this plasmid is neither strongly invasive nor parasitic. It was apparent that key factors for establishment of this plasmid in these bio¢lm populations were the size and activity of the donor population and the e¡ect of plasmid carriage on host ¢tness. These in vitro results have highlighted the potential synergisms, signi¢cantly elevating transfer rates, which can arise between speci¢c pairings of donor and recipient strains. The diverse populations of pseudomonads carrying these plasmids in the natural habitat ( [35] , unpublished results) and their signi¢cant in situ transfer frequencies [13] indicate the potential for these synergistic e¡ects to operate. Taken together, these results underline the relevance of the genes and traits carried by these large plasmids and their potential to play important roles in the adaptation of bacterial populations.
